ABSTRACT: Pancreatic-type ribonucleases show clinical promise as chemotherapeutic agents but are limited in efficacy by the inefficiency of their uptake by human cells. Cellular uptake can be increased by the addition of positive charges to the surface of ribonucleases, either by site-directed mutagenesis or by chemical modification. This observation has led to the hypothesis that ribonuclease uptake by cells depends on electrostatics. Here, we use a combination of experimental and computational methods to ascertain the contribution of electrostatics to the cellular uptake of ribonucleases. We focus on three homologous ribonucleases: Onconase (frog), ribonuclease A (cow), and ribonuclease 1 (human). Our results support the hypothesis that electrostatics are necessary for the cellular uptake of Onconase. In contrast, specific interactions with cell-surface components likely contribute more to the cellular uptake of ribonuclease A and ribonuclease 1 than do electrostatics. These findings provide insight for the design of new cytotoxic ribonucleases.
B ovine pancreatic ribonuclease (RNase A; E.C. 3.1.27.5) has been the object of much seminal research in biochemistry and related fields.
1−3 The impact of this small secretory enzyme expanded when some members of the pancreatic-type ribonuclease superfamily were found to be natural toxins for tumor cells, 4−8 and others were engineered to be cytotoxic. 9, 10 Notably, a ribonuclease from the northern leopard frog (Rana pipiens), known as "Onconase" (ONC or ranpirnase), was granted both fast track and orphan drug status from the FDA for the treatment of malignant mesothelioma. Ultimately, however, dose-limiting renal toxicity limited its clinical utility. 5 More promising are cytotoxic variants of mammalian ribonucleases, such as RNase A and its human homologue (RNase 1), which demonstrate selective cytotoxicity without renal accumulation. 6, 11 A cytotoxic ribonuclease must be internalized by tumor cells, translocate across the endosomal membrane to the cytosol, evade the cytosolic ribonuclease inhibitor protein (RI), and catalyze the degradation of RNA. 9 RI is a 50 kDa cytosolic protein that binds to some ribonucleases, inhibiting their ribonucleolytic activity. 12 ONC does not bind to human RI under physiological conditions 13 and is naturally cytotoxic to human cells. Conversely, wild type RNase A and wild type RNase 1 bind to RI with femtomolar affinity and are not cytotoxic. 14, 15 Variants engineered to evade RI do, however, demonstrate cytotoxicity. 9,10,15−18 Inefficient cellular internalization can limit the cytotoxic activity of a pancreatic-type ribonuclease. 9 For example, ribonucleases exhibit picomolar IC 50 values when injected directly into the cytosol but micromolar IC 50 values when simply incubated with cells. 19 Although ONC has been proposed to bind to two saturable sites on 9L glioma cells with K d values of 0.25 μM and 62 nM, 20 ONC demonstrates nonsaturable binding to HeLa, K-562, and CHO cells. 21−23 ONC and its homologues are highly cationic proteins (Figure 1 ), and their endocytosis occurs via nonreceptor-mediated pathways 21 similar to those used by cationic cell-penetrating peptides. 24 Increasing the endocytosis of a ribonuclease can increase its cytotoxicity. For example, the covalent conjugation of RNase A to transferrin, which does have a cell-surface receptor, increases both its cellular uptake and cytotoxic activity. 25 In addition, increasing the net positive charge of RNase A and RNase 1 through either site-directed mutagenesis or chemical modification increases endocytosis. 26−28 Likewise, decreasing the net negative charge of mammalian cells decreases the uptake of RNase A and ONC. 23 Accordingly, the endocytosis of ribonucleases is likely mediated by electrostatic forces. 29 In addition to providing affinity, electrostatic forces could also contribute to the therapeutic index of pancreatic-type ribonucleases because cancer cells tend to be more anionic than analogous noncancerous cells. 30−32 Ribonuclease cytotoxicity relies on translocation into the cytosol. 7 RNase A is found in lysosomes 100 h after endocytosis, consistent with inefficient translocation to the cytosol. 33 Indeed, only ∼7% of the RNase A molecules that enter a cell reach the cytosol in 24 h. 34 Neutralization of the pH in endosomes results in an increase in ONC cytotoxicity, presumably due to increased translocation. 35 Cytotoxicity has also been found to correlate with the ability of a ribonuclease to disrupt synthetic anionic membranes. 36 We suspected that theoretical approaches could provide insight on the interaction between ribonucleases and cellular membranes. In particular, we reasoned that a numerical solution of the Poisson−Boltzmann (PB) equation could be used to calculate the interaction energy between molecules using continuum electrostatics. The PB approach has been used to calculate the binding energy between rigid proteins and model membranes and to identify energetically favorable orientations for binding. 37 Of special relevance was the use of PB calculations to predict the orientation of membrane-bound dimeric ribonucleases. 36 These calculations indicated that the ensuing electrostatic energy correlates with both the ability to disrupt membranes and cytotoxicity. The PB-based computational framework does not describe effects due to the atomic nature of solvent and lipid molecules but is particularly useful in the current study, which aims to probe the contribution from generic electrostatic effects to the binding of a protein to anionic membranes.
Here, we use computational and experimental approaches to measure the contribution of electrostatics to the binding of RNase 1, RNase A, and ONC to anionic membranes. We report on the effect of salt concentration on the formation of a protein− membrane complex. We then use computational analysis to reveal favorable orientations for those complexes and to highlight differences caused by the differential distribution of charges on the surface of RNase 1, RNase A, and ONC. Finally, we compare experimental binding measurements to PB calculations and simulations using an implicit membrane model supplemented with a Gouy−Chapman term (IMM1−GC), which is another electrostatics-driven approach. The comparison highlights the advantages of each computational method and the quality of their predictions. Together, the experimental and computational data indicate that, despite similar structures and net charges, homologous ribonucleases have distinct affinities for anionic surfaces.
■ MATERIALS AND METHODS
Materials. BODIPY FL N-(2-aminoethyl)maleimide (catalog number B-10250) was from Molecular Probes (Carlsbad, CA). 1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were from Avanti Polar Lipids (Alabaster, AL). All other chemicals used were of commercial grade or better and were used without further purification.
Analytical Instruments. Molecular mass was measured by MALDI-TOF mass spectrometry using a Voyager-DE-PRO Biospectrometry Workstation from Applied Biosystems (Foster City, CA). Fluorescence was quantified with an Infinite M1000 plate reader from Tecan (Mannedorf, Switzerland). 22 which are variants with an orphan cysteine residue, were prepared as described previously. The free cysteine residue in these variants was protected as a mixed disulfide by reaction with 5,5′-dithiobis(2-nitrobenzoic acid). Prior to fluorophore attachment, each mixed disulfide was reduced with dithiothreitol (5 equiv) then desalted by using a PD-10 desalting column from GE Biosciences (Piscataway, NJ). Deprotected proteins were reacted for 4−6 h at 25°C in PBS with BODIPY FL N-(2-aminoethyl)maleimide (10 equiv) in DMSO. The reaction was quenched by rapid dilution into 50 mM sodium acetate buffer at pH 5.0. Conjugates were purified by chromatography using a HiTrap SPHP column, and concentrations of conjugates were determined with a bicinchoninic acid assay kit from Pierce (Rockford, IL).
Liposome Formation. Large unilamellar vesicles (i.e., liposomes) were formed by mixing DOPC and DOPS solvated by chloroform in a 3:2 molar ratio at a 5 mM concentration of total lipid. The lipids were dried under N 2 (g) to remove the chloroform, then dried further under vacuum overnight. The lipids were resuspended in 20 mM Tris−HCl buffer at pH 7.0, containing NaCl (50 or 80 mM), by vortexing and were then allowed to hydrate for 1 h at 37°C. The vesicles were then extruded 19 times through a 100 nm filter to form liposomes that were ∼130 nm in diameter according to dynamic light scattering data obtained with an N4-Plus instrument from Beckman Coulter (Brea, CA).
Liposome−Ribonuclease Binding Assay. Fluorescence polarization was used to measure the binding affinity of the fluorescently labeled ribonucleases to liposomes. A concentration range (4.5 mM → 2.25 nM; 2-fold dilutions) of liposomes was incubated with BODIPY-labeled ribonuclease (50 nM) in 20 mM Tris−HCl buffer at pH 7.0, containing NaCl (50 or 80 mM), for 1 h at 23°C while shaking. Then, fluorescence polarization was measured with excitation at 470 nm and emission at 530 nm, and the value of the equilibrium dissociation constant (K d ) was calculated with the equation
where R refers to the observed polarization, R max refers to the polarization when the ribonuclease is bound fully, R min refers to the polarization when the ribonuclease is free, and [lipid] refers to the concentration of DOPS. Poisson−Boltzmann Calculations. Electrostatic calculations were performed with the program APBS 1.2.1. 39 For the calculations presented herein, the free energy of binding, ΔΔG bind , between the protein and membrane was calculated with the equation
where ΔΔG solv refers to the contribution of solvation to binding and ΔΔG Coul refers to the Coulombic contribution to binding. The solvation contribution to binding was calculated as
where the terms refer to the solvation free energy of the protein− membrane complex, the protein, and the model membrane, respectively. The individual free energy terms were calculated by numerical solution of the Poisson−Boltzmann equation:
The Coulombic contribution was calculated in analogy to eq 3 as
where the terms are the summation of all pairwise Coulombic interactions between all atoms within the protein−membrane complex, the protein, and the model membrane, respectively. The structures of RNase 1, RNase A, and ONC were derived from PDB entries 1Z7X, 15 1KF5, 40 and 1ONC, 41 respectively. All water molecules were removed from the PDB file prior to the addition of hydrogen atoms and atomic charges on the basis of the CHARMM 27 forcefield with PDB2PQR. 42−44 The model membrane was approximated by an 80 × 80 Å plane of spheres (r = 3 Å, q = −1, ε = 78.50) with a charge density of 1 sphere/ 130 Å 2 . The solvation free energy of the protein was calculated with two levels of focusing calculations in a 400 × 400 × 400 Å box with 0.5 Å spacing at the finest level. Dielectric maps of the system were outputted and altered such that the dielectric constant below the charged plane of spheres was ε = 2.0. These dielectric maps were used to calculate the solvation free energies of the membrane and the protein−membrane complex. The model membrane was placed 5 Å below the bottom of the protein. Conformations of the protein relative to the membrane were sampled by applying a rotation matrix based on Euler's angles (θ = 0, ϕ = 0−2π, ψ = 0−π) in 15°increments on the protein coordinates.
IMM1−GC Calculations. The IMM1−GC model was used to model an anionic membrane in CHARMM. IMM1−GC is based on the IMM1 model with the addition of a Gouy−Chapman (GC) term to describe the interaction between charged amino acids and the charged bilayer. 45 The IMM1 models the membrane as a low dielectric slab with a smooth transition to the high dielectric solvent. The IMM1 model is based on the EEF1 model for water-soluble proteins, 46 which neutralizes ionic side chains and uses a linear distance-dependent dielectric constant. The solvation free energy for a protein, ΔG solv , is assumed to be the sum of the solvation free energy for individual atoms within the protein. The effective energy of the protein in the presence of the membrane is given by
where E intra is the intramolecular energy of the protein and E GC is the interaction between the partial charges of the protein and the charged lipid bilayer based on the Gouy−Chapman theory for a diffuse electrical bilayer. 47 The initial coordinates were taken from the same PDB entries used in PB calculations. Six different initial orientations were generated with each one corresponding to the face of a cube containing the ribonuclease. The membrane was placed 3 Å below the bottom of the protein perpendicular to the z-axis. The salt concentration was set to 0.1 M and the anionic fraction of the membrane to 40% to match the experimental fluorescence polarization conditions. Molecular dynamic simulations were performed with CHARMM (c35a1). 48 The backbone atoms were constrained using an rmsd constraint. The structures were equilibrated for 100 ps at 298 K and then run for another 2000 ps. The conformations were stored every 0.5 ps and used to calculate the effective energy of the protein in solvent and in the presence of a membrane. A total of 12 simulations were run for each protein. The average binding energy was calculated as 
■ RESULTS
Production of Labeled Ribonucleases. Ribonucleases were labeled with BODIPY FL in regions with few cationic residues (residue 19 in both RNase 1 and RNase A and residue 61 in ONC), as these areas were deemed unlikely to interfere with the binding of the ribonucleases to the lipid vesicles. Moreover, the fluorescence of BODIPY is insensitive to pH. The expected mass of purified, labeled proteins was confirmed with MALDI-TOF mass spectrometry, and a properly folded structure was confirmed with measurements of enzymatic activity. 49 Liposome−Ribonuclease Interactions. The contribution of electrostatics to the cytotoxicity of ribonucleases has been difficult to study. To isolate the first step in the process, we studied the binding of RNase 1, RNase A, and ONC to large unilamellar vesicles containing 40% phosphatidylserine at various salt concentrations. Phosphatidylserine has a net negative charge and normally resides in the cytoplasmic leaflet of the lipid bilayer; in cancerous cells, however, phosphatidylserine relocates to the extracellular leaflet. 31 Cancer cells also display changes in glycosaminoglycans that lead to a more negatively charged surface.
30−32 Hence, we used phosphatidylserine liposomes to mimic the anionic cell surface, providing a comparator for our computational data. Equilibrium binding isotherms for ribonucleases and liposomes are depicted in Figure 2 , and values of K d are listed in Table 1 . RNase A did not bind to the liposomes at either salt concentration. ONC demonstrated some binding in the low salt condition. RNase 1 bound to the liposomes with a K d value of 27 μM in the low salt condition and with much lower affinity in the high salt condition.
Poisson−Boltzmann Calculations. Poisson−Boltzmann calculations were performed to determine the most favorable orientation for ribonucleases to bind to a model membrane and the binding energy of that orientation (Figures 3−5) . The electrostatic map for RNase 1 reveals that the most energetically favorable orientation has its active site facing the membrane (Figures 3A−C) . The predicted values of ΔG bind are in gratifying agreement with the experimental ones ( Table 1) .
Similar to RNase 1, RNase A orients itself so that its active site faces the membrane (Figure 4A−C) . This orientation, however, yields a relatively low affinity (Table 1 ) and is consistent with experiments showing that the binding of RNase A to phosphatidylserine liposomes is not detectable (Figure 2 ). Interestingly, for both RNase 1 and RNase A, the loops that mediate binding to RI (which is a highly anionic protein 12 ) also seem to be important for binding to the model membrane. In contrast to RNase 1 and RNase A, PB calculations predict that ONC can bind favorably either with its active site facing the membrane or in the opposite orientation ( Figure 5A−C) , which is a highly repulsive orientation for the mammalian ribonucleases. Moreover, ONC appears to be weakly attractive in any orientation, and the most favorable orientation for ONC is only 3-fold more likely than a random orientation. Like RNase A, however, ONC is predicted to bind with low overall affinity in the high salt condition, consistent with experimental data (Table 1) .
In general, the PB calculations were more predictive of the affinity of ribonucleases for membranes in the high salt condition than in the low salt condition. For example, the calculated binding free energy for RNase 1 in the low salt condition corresponds to a K d value of 350 μM, but the experimental K d value was 27 μM (Table 1) . Similarly, ONC is calculated to have a K d value of ∼8 mM in low salt conditions, but the experimental K d value was 0.7 mM. Lastly, although RNase A should display affinity only slightly less than that of ONC, its binding was not detectable by experiment. Nevertheless, the predicted trends in the affinity of the proteins for the model membrane, RNase 1 ≫ ONC > RNase A, were qualitatively consistent with the experiment in the low salt condition. IMM1−GC Simulations. Although the PB calculation results compared well overall with experimental values, especially in the high salt condition, they did not allow for side-chain rearrangements or measure hydrophobic interactions. Hence, we performed multiple short molecular dynamic simulations using the IMM1−GC model. In the simulations, the main chain was constrained, but side chains were unconstrained and the protein was allowed to rotate and translate. For ONC, because the PB calculation did not predict a favorite or an unfavorable orientation, we were surprised to see that only 7 of the 12 trajectories resulted in binding, although the average binding free energies were comparable to those from the PB calculations. The standard deviations reported in Table 2 report on the amount of protein movement during the simulation, with larger variations reflecting a varied trajectory. Coarse-grained representations for the trajectories of simulations that result in bound and unbound ONC are shown in Figure 5 panels B and E, respectively. The bound trajectory remains in the areas that are most energetically favorable, as seen in Figure 5A . The unbound trajectory was started in a less energetically favorable area, where the binding free energy was insufficient to keep ONC on the membrane long enough for it to rotate to a more energetically favorable orientation. The two simulations starting from orientation θ = 270°, ψ = 90°also demonstrate this phenomenon. They both move away from the membrane due to a lack of favorable interactions. Nevertheless, in simulation 1, ONC does not rotate into a conformation that allows it to return to the membrane, whereas in simulation 2, ONC rotates so that its most favorable surface faces the membrane, ultimately enabling it to bind with an energy of −2 kcal/mol. In contrast to ONC, RNase A and RNase 1 bound to the membrane in 9 of the 12 trajectories. The energies are similar to those from the PB calculations, and the trajectory snapshots follow the energetics predicted by the PB calculations. Lastly, none of the proteins inserted into the membrane, though they remained close to the membrane according to the average predictive binding energy.
■ DISCUSSION
A major factor that limits the efficacy of many putative protein chemotherapeutic agents is their delivery to the cytosol. 50 Lacking a receptor, cytotoxic ribonucleases undergo endocytosis and escape from endosomes. 9 Here, we use a combination of experimental and computational techniques to compare and contrast the effect of electrostatics on the interaction of RNase 1, RNase A, and ONC with lipid bilayers.
Our data suggest that electrostatic forces are sufficient to cause a weak association of ONC with the cell surface, where the protein remains until internalized via bulk-rate endocytosis. 23 Although computational results predict a weak affinity for a negatively charged surface, ONC spent most of its simulation time associated with the surface. Because bulk endocytosis occurs constitutively, time spent near the cell surface is critical for internalization. We suggest that the low experimental rate of ONC cellular uptake 22, 23 is explicable by its low binding energy combined with the lack of a cell-surface binding partner.
Comparing the cellular uptake to the calculated binding energies reveals unusual disparities for RNase A compared to ONC and RNase 1. Calculations predict that RNase A has a cell-surface affinity similar to that of ONC, yet RNase A is internalized by cells at a rate that is 10 2 -fold greater than that of ONC. 23 The absence of heparan sulfate and chondroitin sulfate on the cell surface reduces the internalization rate of an RIevasive variant of RNase A by 4-fold but does not affect that of ONC. 23 We propose that the presence of these and other cellsurface moieties with a specific affinity for RNase A, but not ONC, explains the discrepancy between predicted and experimental results. RNase A and RNase 1 display similar levels of cellular uptake 29 even though RNase 1 has a higher net charge (Figure 1 ), demonstrates a salt dependence in its membrane affinity (Figure 2 ), and has a much higher predicted binding free energy (Table 1) . These data are consistent with RNase A having a greater affinity for specific cell-surface moieties than does RNase 1.
Poisson−Boltzmann calculations were used to predict the affinity of the three homologous cationic proteins for an anionic membrane. Although explicit lipid-based membrane simulations are becoming increasingly powerful, 51 computing the binding free energy of a protein to a multicomponent lipid bilayer with atomistic models remains as a significant challenge. Given the simplicity of the lipid bilayer model, which consists of an implicit solvent and a plane of negatively charged spheres above a low- dielectric slab, its correspondence with experimental data is encouraging. The simplicity of the lipid bilayer model decreases computational cost compared to explicit lipid models. Most importantly, the PB calculations directly address the contribution of electrostatics to the binding affinity of the cationic proteins to an anionic membrane. IMM1−GC simulation results were consistent with the PB calculations and with experimental results. They provided additional insight by clarifying the necessary strength of an interaction for a long-lasting stable interaction to occur in the protein−membrane complex and by showing that hydrophobic interactions are involved only minimally. The lack of ribonuclease penetration of the membrane suggests that, in contrast to cell-penetrating peptides, 45 ribonucleases require more than electrostatic or hydrophobic forces to penetrate a lipid bilayer. IMM1−GC simulations required far fewer computational resources compared to the PB calculations and provided additional information, making them an attractive option for identifying energetically favorable orientations of proteins at the membrane surface and for estimating the binding free energy. We propose that the results of IMM1−GC simulations could be refined further by explicit membrane simulations starting from the predicted binding orientations, though gaining quantitative insights requires novel simulation methods that allow an efficient sampling of local lipid (de)mixing upon protein binding.
Our future efforts will focus on identifying residues in pancreatic-type ribonucleases that mediate their affinity for those glycans that are upregulated in cancer cells. 32 Manipulations that enhance such interactions could increase the clinical utility of chemotherapeutic agents on the basis of RNase 1 and its homologues.
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